Objective. To determine the potential of an integrated, image-based computer-aided design (CAD) and 3-dimensional (3D) printing approach to engineer scaffolds for head and neck cartilaginous reconstruction for auricular and nasal reconstruction.
Subjects and Methods. Digital Imaging and Communications in Medicine (DICOM) computed tomography scans were segmented and utilized in image-based CAD to create porous, anatomic structures. Bioresorbable polycaprolactone scaffolds with spherical and random porous architecture were produced using a laser-based 3D printing process. Subcutaneous in vivo implantation of auricular and nasal scaffolds was performed in a porcine model. Auricular scaffolds were seeded with chondrogenic growth factors in a hyaluronic acid/collagen hydrogel and cultured in vitro over 2 months' duration.
Results. Auricular and nasal constructs with several types of microporous architecture were rapidly manufactured with high fidelity to human patient anatomy. Subcutaneous in vivo implantation of auricular and nasal scaffolds resulted in an excellent appearance and complete soft tissue ingrowth. Histological analysis of in vitro scaffolds demonstrated native-appearing cartilaginous growth that respected the boundaries of the scaffold.
Conclusion. Integrated, image-based CAD and 3D printing processes generated patient-specific nasal and auricular scaffolds that supported cartilage regeneration. A n individual's craniofacial composition contains elaborate soft tissue and cartilaginous structures that impart a specific and unique appearance and function. The auricle and nasal frameworks, when congenitally absent, malformed, oncologically resected, or traumatically distorted, are among the most challenging to reconstruct in part due to their complex 3-dimensional (3D) geometry. At present, auricular and nasal reconstructive techniques most often utilize autologous donor cartilage as foundational support for overlying soft tissue. With advancements in tissue engineering, the technical requirements to re-create these complex cartilaginous structures and limit donor site morbidity may be more effectively met.
Rapid prototyping and 3D printing technologies that integrate image-based computer-aided design and manufacturing (CAD/CAM) are ideally suited to produce image-based anatomic implants and tissue engineering scaffolds that can reproduce complex craniofacial structures with high fidelity.
With tissue engineering advances such as the optimization of a scaffold pore design, 3D printing of biomaterials, and bioreactor culture capabilities, the geometric and compositional complexity of these structures may be replicable. When seeded with autologous cells, bioresorbable scaffolds may be replaced with native-appearing tissue.
This report describes our group's innovative imagebased CAD/CAM and 3D biomaterial printing processes and introduces auricular and nasal scaffolds for soft tissue reconstruction.
Materials and Methods

Scaffold Design and Manufacturing
Scaffolds were created using image-based hierarchical design methods developed by Hollister and colleages. [1] [2] [3] [4] [5] [6] [7] In this approach, hierarchical image designs were created separately for the global anatomic structure, such as the auricle or nose. The design was represented by a density distribution within a voxel format, similar to the way that 3D images were represented by density distributions within a voxel dataset. A separate voxel design dataset was created for the anatomic structure, based on the actual patient image data. Heterogeneous structures could be created by designating different voxel densities in different physical locations. Different pore structures were created by generating either a periodic or random distribution of geometric pore structures such as spheres and cylinders using density distributions in voxel data structures with specially written MATLAB codes (The Mathworks, Natick, Massachusetts). These codes also mapped the pore structure over a box that encompassed the final size of the anatomic region. The voxel structure was converted into a triangular surface .STL representation. The final scaffold design was created by mapping the porous architecture .STL file into the appropriate location of the anatomic dataset (also represented as an .STL file after conversion in the commercial software MIMICS [Materialise, Leuven, Belgium]). For the current applications, 1 porous architecture, either periodic cylinder or random spherical porous, was mapped into the global patient-specific anatomic design for the ear or nose using Boolean intersection operations of the custom-designed porous architecture .STL file and the anatomic region (auricle or nasal) .STL file using MIMICS to create the final scaffold design.
The final design created by Boolean operations presents a significant manufacturing challenge. Our group [8] [9] [10] [11] has developed an approach to laser sintering of polycaprolactone (PCL) (PCL, Polysciences, Warrington, Pennsylvania; PCL Preparation, Jet Pulverizer, Moorsetown, New Jersey). Based on our previous work, 9 which established the powder size, bed temperature, and laser sintering power, we used an EOS P100 laser sintering system (EOS North America, Novi, Michigan) to fabricate patient-specific nose and ear scaffolds. The laser sintering process can fabricate feature sizes on the order of 700 mm (0.7 mm).
In Vitro Cartilage Growth
Protocol approval from the institutional animal care committee was obtained. Chondrocytes were isolated from harvested porcine auricular cartilage. Care was taken to isolate cartilage while discarding the overlying perichondrium. Minced cartilage fragments were digested with 0.2% type II collagenase (Worthington Biochemical, Lakeview, New Jersey, USA) for 16 hours in a 37°C, 5% CO 2 incubator with agitation. Digest was filtrated through a 70-mm mesh (Becton Dickenson, Franklin Lakes, New Jersey, USA), and the cells were centrifuged to precipitate, counted, and plated. The proliferation medium consisted of Ham's F-12 (Gibco, BRL/Life Technologies, Grand Island, New York, USA), with the addition of 10% fetal bovine serum (Sigma-Aldrich, St Louis, Missouri, USA), 5 mg/mL ascorbic acid, and an antibiotic/antimycotic solution containing 10,000 U/ mL penicillin, 10 mg/mL streptomycin, and 25 ug/mL Fungizone.
Chondrocytes were seeded into the auricular PCL scaffolds using a type I collagen gel. The gel solution consisted of type I collagen at a concentration of 6 mg/mL in acetic acid (Becton Dickinson) and hyaluronic acid at a concentration of 3 mg/mL (LifeCore Biomedical, Chaska, Minnesota, USA). Cells were rinsed with Hank's buffered saline solution (Gibco, BRL/Life Technologies), trypsinized (0.25% trypsin) (Gibco), aliquoted into 15-mL conical tubes, and placed on ice. Prior to seeding, the PCL scaffolds were placed in custom-designed Sylgard (Dow Corning, Midland, Michigan, USA) molds to prevent leakage of the cellcollagen solution prior to gelation. After resuspending the cells in the collagen I gel solution, sodium bicarbonate was added, the cell suspension was carefully pipetted into the PCL scaffolds, and the constructs were placed in an incubator (37°C, 5% CO 2 ) for 30 minutes for gelation to occur. The chondrocyte seeding density was 25 3 10 6 cells/cm 3 . Seeded constructs were cultured in sterile, dynamic conditions with incubation at 37°C, 5% CO 2 . The culture medium consisted of serum free F12 (Gibco, BRL/Life Technologies), with the addition of 5 ng/ml TGF-beta 2 (Pepro Tech, Rocky Hill, New Jersey), ITS+premix (Becon Dickinson, Frankin Lakes, New Jersey), 1:100 pyruvate (100mM, Gibco, BRL/Life Technologies), 10mM dexamethasone (Sigma), and 5 ug/ml ascorbic acid.
After 8 weeks, ear constructs were histologically analyzed. The specimens were fixed with 10% phosphate buffered formalin for 24 hours and then embedded in paraffin and sectioned using standard histochemical techniques. Serial slide sections were stained with hematoxylin and eosin or safranin O.
In Vivo Scaffold Implantation
Adult Yorkshire pigs were used to demonstrate the scaffold appearance with soft tissue coverage. A general anesthetic was administered. A postauricular incision was made in addition to supraperichondrial soft tissue flaps for placement of auricular and nasal scaffolds. Then, 3-0 Vicryl suture (Ethicon, Somerville, New Jersey) was used to secure the overlying soft tissue to the scaffolds. Layered skin closure was performed with 3-0 Vicryl suture, and 4-0 Monocryl suture was used for subcuticular closure (Ethicon).
Results
Using these techniques, nasal and auricular scaffolds were produced with high anatomic fidelity at a rate of approximately 50 scaffolds in 4 to 5 hours. A vast array of porous architecture was available for incorporation into the anatomic scaffold design. A representative spherical pore auricular scaffold and random pore nasal scaffold are depicted in Figures 1 and 2 , respectively.
The porosity of the 3-dimensionally printed scaffolds allows for the infusion of hydrogels. For our purposes, type I collagen-, hyaluronic acid-, and TGF-b2-impregnated hydrogel cell carriers were utilized. In vitro culture of porcine auricular chondrocytes in these scaffolds resulted in the growth and maintenance of cartilage-like tissue after 8 weeks, as evidenced by representative histological staining shown in Figure 3 .
The surgical implantation of scaffolds was performed with ease, and scaffold porosity allowed for the versatility and ease of suture placement. The PCL material maintained excellent foundational support and appearance when implanted in subcutaneous tissue.
The PCL scaffolds all demonstrated histologically nativeappearing cartilage growth. At 2 months' duration in vitro, scaffolds had not reached complete confluent cartilage coverage.
Discussion
Auricular reconstruction, performed for an unsalvageable auricle in the setting of trauma, oncologic resection, microtia, or anotia, is one of the most technically challenging surgical procedures in reconstructive surgery. 12 A limited number of surgeons have mastered the art of using autogenous rib cartilage, 13, 14 the current gold standard, to carve an auricular cartilage framework. Auricular reconstruction with costal cartilage is a highly complex procedure requiring multiple surgeries, each with accompanying anesthetic exposures and risks. Outcomes and complication rates are highly dependent on surgical experience.
An alternative option for autologous rib auricular reconstruction is prefabricated, synthetic MedPor (Stryker Corporation, Kalamazoo, Michigan) or porous, high-density polyethylene. 15 Benefits of this technique include avoiding donor site morbidity from rib harvesting and lower variability with the framework appearance, bypassing the technically demanding carving of the framework. Frameworks are not available for patient-specific anatomy. MedPor is FDA approved, although being a rigid, synthetic material has a greater incidence of framework extrusion and soft tissue necrosis than autogenous cartilage reconstruction. 16 Similarly, total and partial nasal reconstruction can be a highly complex and laborious challenge to the most experienced reconstructive surgeon. Addressing patients who require total nasal reconstruction often involves the utilization of multiple autogenous tissue donor components. Split calvarial bone, auricular conchal cartilage, and the rib have been employed for nasal reconstruction. Pedicled paramedian foreheads, interpolated cheeks, nasal septal hinge flaps, and free soft tissue often harvested from the radial forearm have been used to reproduce an overlying soft tissue envelope. [17] [18] [19] Sultan and Byrne 20 have previously described the use of rapid prototyping to create a translucent intraoperative template to guide total nasal reconstruction.
Advances in tissue engineering have made the prospect for a fabricated cartilaginous framework a realistic potential. A recent review by Nayyer et al 21 detailed numerous studies examining a variety of scaffolds, cell sources, growth factors, and cell culture methods. Several studies have demonstrated that auricular chondrocytes, as opposed to other cartilage sources, or mesenchymal stem cells with prochondrogenic growth factors are able to develop tissueengineered cartilage that is histologically and mechanically similar to native ear cartilage. [22] [23] [24] As advancements have been made in auricular tissue engineering, new challenges have surfaced.
One obstacle to tissue engineering-based auricular reconstruction is building and maintaining an auricular cartilage framework that maintains anatomic landmarks and preserves its size and shape. Shieh et al 25 produced scaffolds by packing a bioresorbable polymer into a negative clay mold of the auricle. Computed tomography-based fused deposition modeling has been employed to form polyurethane frameworks, which were then implanted in vivo but described with minimal detail with regards to outcomes at 12 weeks after implantation other than a ''fair result'' with gross morphology remaining ''well.'' 26 Liu et al 27 described the use of CAD in producing a negative mold and evaluating the resulting framework shape. This is the first report, to our knowledge, in the peerreviewed literature describing patient-specific, image-based design and laser-sintering 3D printing to produce a bioresorbable PCL scaffold with a defined porous architecture for auricular and nasal reconstruction. Furthermore, it is the first description, to our knowledge, of the use of 3D printing to produce a bioresorbable nasal scaffold with an incorporated pore architecture. Our process is able to rapidly produce high-fidelity anatomic scaffolds while also allowing meticulous control of the pore microarchitecture. The patient-specific, image-based design incorporated Digital Imaging and Communications in Medicine (DICOM) data as a map for the designed porous architecture. The porous architecture was generated using MATLAB or similar numerical software programs to delineate porous structures in a 3D regular space (eg, a cylinder or cube). This 3D architecture was intersected with a density distribution in 3D space from patient image data to create a patient-specific scaffold construct with the desired designed pore architecture. The resulting construct was then converted into .STL format for 3D printing. Our 3D printing process utilized laser sintering. In essence, DICOM data from an individual's unique radiological imaging were used to render a CAD model. Architectural details were added to the CAD model, which then served to dictate the selective fusion of the PCL powder layer by layer and created scaffolds from the bottom up. The ability to control the pore architecture is unique to our lasersintering process and was recently shown by our group to have chondrogenic potential. 28 Combining the precise pore architecture for chondrogenicity with previously described prochondrogenic growth factors may allow for the rapid production of patient-specific auricular and nasal constructs with enhanced anatomic detail, dimension preservation, and patient satisfaction.
The clinical utilization of 3D-printed soft tissue scaffolds will require surgeon consideration for an overlying vascular soft tissue envelope. In auricular reconstruction, the need for skin coverage may be met by a number of methods including simple subcutaneous implantation, subcutaneous implantation subsequent to tissue expansion, or staged implantation as a prelaminated regional flap or free tissue transplant. Nasal reconstruction requires an additional mucoperiosteal internal lining, functional consideration of the role of the nasal airway, and exposure to bacterial flora of the respiratory tract. Furthermore, it is yet to be determined whether nasal framework function will require distinct cephalad and caudal properties emulating the difference between native nasal bone and upper and lower nasal cartilage. While our group is actively investigating these issues, the use of 3D-printed soft tissue scaffolds may be more immediately available for auricular reconstruction.
Animal studies are currently underway to delineate whether imparting scaffolds with a defined pore architecture using a material with a longer resorption profile, such as PCL, will prevent framework contraction. We are additionally pursuing experiments comparing the effect of particular porous architectures on outcomes such as the duration to confluent cartilaginous framework coverage and biomechanical properties. Our report does not include biochemical and biomechanical profiles comparing our tissue-engineered constructs to native cartilage, although an analysis is planned in combination with our long-term in vivo data.
Conclusion
A novel image-based CAD/CAM 3D printing process in the production of bioresorbable PCL scaffolds with a defined porous architecture for cartilaginous frameworks was introduced. Our technique utilizes 3D printing for auricular and nasal scaffold production and control of the pore architecture, which may provide a tool to advance tissue engineering in this area. Further analysis is needed to ultimately define performance and potential improvements over current surgical and tissue engineering techniques. 
